following the loss of striatal efferents (for more detail see Peschanski et al. [1] ). Given the predominance of medium spiny neuronal loss in HD, a number of investigators have proposed that allogeneic striatal cell grafts, intended to replace lost medium spiny neurons, might ameliorate disease progression. However, such efforts presumed that neuronal cell death in HD is cellautonomous, an assumption that has recently been questioned by reports of the deficient provision of brainderived neurotrophic factor (BDNF) to medium spiny neurons via corticostriatal transport, which have implicated the latter as causal in HD pathogenesis [2, 3] .
Several preclinical studies initially reported the efficacy of human fetal striatal tissue to provide functional recovery in a variety of rodent and nonhuman primate models of striatal neuronal loss [4] [5] [6] [7] [8] [9] . On this basis, several clinical trials then assessed the potential of fetal neural transplants for the treatment of HD (Fig. 1 ). These trials all used fetal striatal primordium, although they differed in the age of the fetal tissue source and the methodology of graft preparation.
An initial uncontrolled trial was carried out in 3 moderately advanced HD patients [4] . These patients received bilateral grafts of 8-to 10-week-old human fetal striatal primordia, each pooled from 5 to 8 donors. The grafts were placed into the caudate nucleus (1 graft/ hemisphere) and the putamen (4 grafts/hemisphere). The recipients succumbed to the disease at 74, 79, and 121 months after surgery; their autopsies revealed that the grafts grossly survived in 2 patients, with evidence of mature donor-derived neuronal differentiation. No evidence of neuronal intranuclear inclusions was identified in grafted neurons. Yet these grafts exhibited little integration with the host striatum. Although they appeared innervated by nigrostriatal dopaminergic afferents, there was little evidence otherwise of efferent target acquisition or even axogenesis by the grafted neurons; this likely accounted for the lack of clear clinical improvement noted in these or neurotrophins into the lateral ventricle stimulates neurogenesis in the SVZ and triggers striatal recruitment of new medium spiny neurons in both rodent and nonhuman primates. BDNF=brain-derived neurotrophic factor; Ca=caudate; LGE/MGE=lateral ganglionic eminence/medial ganglionic eminence; SVZ=subventricular zone; LV=lateral ventricle; GPe=globus externalis; GPi=globus pallidus internalis; Put=putamen; TH=Thalamus patients. Besides the lack of benefit provided by these grafts, they proved potentially unsafe; in the single patient who survived 10 years, autopsy revealed residual, donorderived fetal ependymal and periventricular cells, which were associated with multiple cysts and graft-derived mass lesions [4] .
Another trial was reported 2 years later by Bachoud-Levi et al. [10] , in which 5 HD patients received temporally staggered bilateral intrastriatal grafts, with a 1-year interval between the 2 procedures. Each graft was comprised of a single ganglionic eminence, dissected from 7.5-to 9.5-week-old human fetal brains. Positron-emission tomographic (PET) measurement of (18F)-fluorodeoxyglucose uptake revealed sustained metabolic activity following engraftment (EPs), whereas the median nerve somatosensory evoked potentials of transplant recipients exhibited less degradation of cortical EPs than did those of 22 untreated patients [10] . Serial PET imaging confirmed that cortical metabolism in 3 patients improved during the 2-year follow-up, concurrent with clinical stabilization, suggesting functional integration of the grafts [11] . Nonetheless, by 4 to 6 years after grafting, the early benefits of surgery had largely been lost. However, this decline did not affect all aspects of disease phenotype alike, although even the dystonia of graft recipients continued to worsen with time, their cognitive decline may have been mitigated. This is surprising in light of the striatal targets engrafted, perhaps emphasizing the importance of striatocortical afferents in higher cortical function [12] .
In another trial, 7 moderately advanced HD patients were given intrastriatal grafts consisting of microdissected lateral ganglionic eminence from 8 to 12 human fetal brains [13] . Microdissection was performed to reduce the contaminant tissue that resulted in the development of cysts and lesions in the Kopyov clinical trial [4] . Despite the use of multiple donors and injection sites (lateral ganglionic eminence of 2 to 8 fetuses per recipient striatum, immunosuppressed for 6 months), only 8 to 10% of the recipient striata engrafted in 1 patient, who was autopsied 18 months after transplant. Furthermore, despite the apparent viable maintenance of the transplant, and the lack of histopathologically apparent immune response, no functional integration of the graft within the host striatum was noted. PET imaging failed to show any integration of the graft into the host parenchyma because the glucose and dopamine receptor binding was significantly reduced in HD striatum. This correlated with the lack of clinical improvement in these patients [14] . Autopsies showed that grafted cells survived in 2 of 3 patients a decade after transplantation. Importantly, the grafts showed a marked reduction in medium spiny neurons, whereas the donor-derived interneurons were relatively spared; these observations mirrored the pattern of striatal cellular loss typically noted in HD, thereby suggesting the role of noncell autonomous features of the disease environment in HD [15] .
A 2-phase safety study was next undertaken by the European Network for CNS Transplantation and Repair (NECTAR) and the European Network for Striatal Transplantation in Huntington's Disease (NEST-HD) in a United Kingdom-based multicenter trial. The first phase of this study addressed the safety of unilateral intrastriatal grafts, whereas the second phase addressed the safety of bilateral transplants [16] . Four patients with mild to moderate HD were transplanted during the course of the first phase of this study. They received unilateral grafts consisting of the equivalent of 2 to 2 whole striatal primordia. None of the patients suffered significant morbidity related to the transplant at 6 months; the only complications that arose were related to immunosuppression, which in all cases had been controlled by titration of drug dose. Magnetic resonance imaging showed no indication of uncontrolled or invasive growth of the implanted tissue in any of the 4 patients [16] . Two other patients were grafted, and the outcome of the transplantation has not been published. The trial itself has been discontinued [17] .
Another pilot study assessing the usefulness of fetal cell grafts involving 2 patients with moderate HD was reported by Reuter et al. [18] . The patients had identical huntingtin mutations (with 43 cystosine adenine guanine (CAG) repeats); one had been symptomatic for 6 years, and the other for 4 years. Both patients received bilateral fetal striatal allografts of 2 to 3 ganglionic eminences. In 1 patient, graft function was confirmed by PET, which revealed increased striatal D2 receptor binding of [11C]-raclopride. This was associated with prolonged clinical motor improvement during a 5-year period, as assessed by Unified Huntington's Disease Rating Scale (UHDRS). The other patient showed no evidence of either clinical improvement or of graft function; the patient's motor decline was similar to that of 6 untreated controls.
It is difficult to compare these studies because of the heterogeneity in their design, lack of controls, unblended nature, and different methods used to assess clinical and motor outcome in each. Yet even in the best of cases, the reported improvements in these trials appear to have been modest. Although some transplanted patients may have exhibited brief symptomatic improvement following the transplants, in most cases disease progression continued unabated, with no significant survival increment. Given these divergent reports, predicated on trials involving different cell preparation and implantation protocols and invariably small sample sizes, there is a clear need for a larger scale, technically standardized, and well-controlled evaluation. To this end, there are currently 3 ongoing clinical trials, part of the Euro-HD Multicenter, Randomized Controlled Phase II study, which is intended to re-assess graft efficacy using improved tissue preparation and surgical protocols [19, 20] .
Differences in both the age and source of transplants are also a major source of variation, which are not well addressed in any trial yet either performed or designed. The nature of the grafts and differences in ganglionic eminence dissection and preparation methods may have profound consequences on the effects of the transplantation. The biology and the ontogeny of the striatum, as well as the stage-dependent lineage potential of cells in the ganglionic eminence, have not been typically well-considered. Yet the ganglionic eminences comprise germinal, subependymal, and deep layers in 2 lateral folds that comprise the medial and lateral ganglionic eminences. In normal development, both striatal and nonstriatal precursors originate in the superficial layers and migrate ventrally and laterally to and through the underlying striatal primordium [21, 22] . Although the lateral ganglionic eminence gives rise to mostly striatal [23] medium spiny neurons, the medial ganglionic eminence gives rise to globus pallidus and cortical interneurons, which are cells that can share the expression of several nominally striatal markers [24] . Yet medial ganglionic eminence components are also important for both the proper development of striatal structures, and for their functional integration [25] . This may explain, at least in part, the lack of functional integration in the clinical trial reported by Hauser et al. [13] , in which the grafts only consisted of the most lateral part of the lateral ganglionic eminence [13, 26] .
The immune response is also another major concern in these clinical trials. The brain may enjoy some degree of immune privilege because of its restricted entry of peripheral immune cells, and its relative reliance on innate rather than acquired immune responses. Nonetheless, immune responses against the fetal tissue allografts were evident. In the study reported by Krystkowiak et al. [23] , 5 of 13 patients manifested alloimmunization to donor antigens within a few months after cessation of pharmacological immunosuppression. In this study, 1 patient showed obvious clinical and radiological signs of rejection that was reversed by pharmacological immunosuppression. In this regard, the lack of transplant effectiveness in the Hauser et al. [13] study may be associated with its limited, 6-month course of postoperative immunosuppression.
Thus, the variable results across these studies may be due in part to differences in both tissue preparation and immunosuppression, as well as study design and outcomes assessment. Several studies have shown that the outcome of transplantation may depend of the physical nature of the graft, whether as dissociated cells, reformulations thereof, or minced tissue fragments [27, 28] . In 1 study that compared cell suspensions and minced tissue directly, the engrafted dispersed cells grew larger and included more medium spiny neurons, with better afferent and efferent connectivity, than did the grafts implanted as fragments of tissue [29] . Interestingly, similar intrastriatal suspension grafts derived from 6-to 9-week-old fetal midbrains were used in a trial of cell therapy for Parkinson's disease. Postmortem analysis showed that the grafts added dopaminergic neurons to the recipient striata, and were able to survive for more than a decade [30, 31] . The patients received only 6 months of immunosuppression; nonetheless, the transplants appeared only mildly immunogenic to the host brain [32] .
Despite the apparent advantages of dispersed cell suspension grafts, the heterogeneity of these otherwise unsorted preparations may be problematic. Cell suspensions consist of trypsinized fetal tissue, nominally disaggregated to the single cell stage, which can have the same assortment of phenotypes as minced fetal tissue. The capillaries in grafts, which may be donor-derived, can be extremely immunogenic because of their high levels of donor class I antigens [27, 33] . Thus, an enriched cell preparation containing only desired and lineage-restricted phenotypes may greatly reduce graft immunogenicity, while improving the likely functional outcome of transplantation [34] . For instance, neural and glial progenitors isolated on the basis of their expression of defined stem and progenitor cell markers, such as the intermediate filament nestin, the RNA binding protein Musashi, the transcription factor Sox2, or the glial progenitor marker A2B5, have all been shown to stably engraft for long periods of time in xenografted mice and rats, with minimal immunosuppression [35] [36] [37] [38] [39] . Future studies of striatal neuronal engraftment may profitably study the effect of pre-transplant phenotypic enrichment, as a means of mitigating rejection potential, and of thereby increasing graft acceptance and functional integration.
Embryonic Stem Cells as a Source of New Medium Spiny Neurons
The development of cell replacement therapies for HD has also been hindered by the availability of fetal donor cells, their heterogeneity, and the ethical concerns related to the use of tissue derived from abortions. As such, there is a great need for more practical sources of cells that can be used to generate medium spiny neurons.
In that context, human embryonic stem cells (hESCs) have been recently evaluated as a readily renewable source of potential medium spiny neurons and their progenitors. Aubry et al. [40] first described the differentiation of hESCs into medium spiny neurons in vitro, and their integration in vivo following xenotransplantation into adult rats. To achieve this goal, the authors adopted a 3-stage in vitro protocol for generating medium spiny neurons, using agents identified as critical for the in vivo development of these cells. To investigate the functional integration of these hESC-derived striatal neurons, the quinolinate-lesioned striata of immunocompetent rats were then injected with cells isolated at different stages of medium spiny phenotypic induction. Striata engrafted with committed neuroepithelial cells revealed clusters of hESC-derived medium spiny neurons, thus establishing the potential usefulness of hESC-derived medium spiny neurons (MSNs) in striatal neuronal addition (Fig. 1) .
However, several issues may yet hinder the clinical use of hESC-derived MSNs, at least at our current level of technology. First, ES-derived grafts have been reported to induce formation of teratomas or neuroepithelial tumors [41] . The formation of these tumors is a function of the degree to which the cells are selectively enriched and differentiated prior to transplantation [40, 42] . However, embryoid bodies (EBs) from early stage of the culture can be contaminated with undifferentiated multipotent cells that escaped the differentiation process, permitting teratogenesis in the host [41] [42] [43] [44] . Thus, the faster the hESCs are differentiated in vitro, the higher the risk may be of teratoma formation after transplantation [45] . A number of studies have reported the successful engraftment of hESCderived cells within the brain, as treatment for Parkinson's disease and HD, without the formation of tumors [46] [47] [48] . It is important to note that these studies were conducted in rodents, and did not include the long survival times needed to rigorously assess tumorigenic potential. Second, hESCs express low levels of human leukocyte antigen class I molecules in both the undifferentiated and differentiated state [49] [50] [51] . Thus, the expression of mismatched human leukocyte antigens by embryonic stem cell (ESC)-derived progeny might elicit an immune response, sufficient to induce a local immune response, if not frank rejection. In particular, activated microglia and lymphocytes triggered by engrafted cells can produce cytokines, such as interleukin 6, which can both suppress neuronal differentiation and promote astrocytic differentiation of engrafted neural precursor cells in vivo [52] .
Induced Pluripotent Stem Cells as Sources of Engraftable Neurons
Pluripotent stem cells may be derived from genetically reprogrammed skin fibroblasts, potentially allowing the generation of patient-specific donor cells. Induced pluripotent stem (iPS) cells are typically derived from genetically reprogrammed fibroblasts and keratinocytes (although they may conceivably be generated from any mitotically competent phenotype) by the concurrent forced expression of a specific set of 4 to 6 transcription factors [53, 54] . iPS cells were first generated by introducing the relevant reprogramming genes using virally integrating vectors, such as retrovirus or lentivirus. However, because the insertion into the host genome may result in insertional mutagenesis and is potentially tumorigenic, alternative methods of generating iPS cells have been developed [55] . With in vitro expansion and selection, the cells regain an undifferentiated ground state that shares similarities with that of ESCs. Similarly, they can also be driven to differentiate into neuroepithelial and subsequently fully differentiated neurons [56] . Importantly, tissue-specified cells derived from these iPS cells would likely, although not certainly, evade rejection at autograft [57] .
A variety of disease-specific iPS cells, including those for HD, have been generated and have already found uses in drug screening and in the investigation of disease-specific molecular pathways [58] [59] [60] [61] . Yet these cells also comprise an important source of cells for phenotype-specific cell replacement and tissue repair. For instance, Wernig et al. [62] first used iPS cells derived from mouse fibroblasts to generate dopaminergic neurons, which proved both engraftable and functional. More recently, dopaminergic neurons have also been generated using iPS cells derived from a PD patient's own somatic cells. After transplantation to rodents rendered Parkinsonian by intrastriatal 6-OHDA (6-hydroxydopamine) injection, these human iPS cell-derived dopaminergic neurons survived and were associated with functional benefit, as reflected in a significant reduction in amphetamineinduced rotations, 16 weeks post-transplantation [63] .
Yet unlike PD (in which effectively normal dopaminergic neurons may be generated from a patient's own cells), in HD, further genetic modification would be needed to permit autograft, given the underlying CAG repeat expansions of the donor cells. Several techniques have already been developed to achieve this end, all directed at the inactivation or blockade of mutant Huntingtin gene expression. Future studies of iPS cell derivatives as potential therapeutic vectors will need to address this issue by removing or inactivating the offending segment of poly-CAG expansion.
Aside from these issues, the tumorigenic behavior of transplanted cells remains a major safety concern that will need to be addressed before iPS cells can be clinically useful. Recent studies analyzing the genome of iPS cells showed evidence of mutations following reprogramming and subsequent expansion of the cells in vitro. These mutations frequently occur in regions prone to amplification, deletion, or point mutation, and seem to be enriched in genes involved in cell-cycle regulation and cancer [64] [65] [66] . Hargus et al. [63] reported no sign of tumors in rats grafted with neurons from PD patient-derived iPS cells for up to 16 weeks post-transplantation. Nonetheless, whether this will remain the case in the aged brain, and for how many years after grafting, remains unknown.
Induced Neurogenesis from Endogenous Neural Stem Cells as a Potential Treatment for HD
In adult vertebrates, the subependymal lining of the lateral ventricles harbors persistent neuroepithelial stem and progenitor cells, from which new neurons and glia may be derived. In mammals, neural stem cells of the subventricular zone (SVZ) continually generate transit-amplifying glial and neuronal daughters, at least some of which give rise to new neurons [67] [68] [69] [70] ; the latter are typically recruited anteriorly to the olfactory bulb as GABAergic interneurons of several phenotypes [68, [71] [72] [73] [74] [75] . Olfactory neuronal recruitment is rapid; in mice, it takes approximately 15 days for neuronally restricted progenitor cells of the SVZ to migrate through the rostral migratory stream to the olfactory bulb, traversing a distance of 3 to 5 mm, wherein they differentiate into olfactory interneurons [67, 76, 77] (for more detail see Whitman and Greer [78] and Abrous et al. [79] ). In addition, some neural stem cells migrate posteriorly in development to form a separate germinal neuroepithelium, the subgranular zone of the hippocampal dentate gyrus [80] [81] [82] [83] . The population of neural stem cells that give rise to the neuronal progenitor pool of the anterior SVZ, which gives rise to the rostral migratory stream, is the pool of greatest interest in regard to HD therapeutics, because it is this pool from which new striatal neurons may be recruited (Fig. 1) .
Mitogens Can Trigger Adult Neurogenesis In vivo
Neural stem cells from the adult subventricular zone can be expanded and maintained in vitro under the influence of fibroblast growth factor 2 (FGF2) and epidermal growth factor (EGF); these observations suggested that FGF2 and EGF might also act in vivo [84] [85] [86] [87] [88] . Indeed, knockout mice for FGF2 or transforming growth factor-α, a ligand for EGF receptor, exhibit decreased neurogenesis in the SVZ, and fewer neurons recruited to the olfactory bulb [89, 90] . In the adult rodent, the majority of SVZ cells coexpress both FGF2 and EGF receptors [87, 91] . On that basis, several groups explored the possibility that intraventricular infusion of either growth factor might potentiate SVZ neurogenesis. Infusion of FGF2 into the lateral ventricle resulted in enhanced neurogenesis within the SVZ and a subsequent increase in the number of new neurons in the olfactory bulb, whereas similar infusion of EGF resulted in a decrease of new neurons in the olfactory bulb. The latter was associated with a significant increase of astrocytes in the neighboring striatum [84, 92] . These observations are in contrast with a previous report demonstrating an increase in neural recruitment to the olfactory bulb and a recruitment of new neurons to the striata following intraventricular infusion of EGF [93] . These new neurons were defined by their incorporation of the mitotic tracer 5-bromo-2'-deoxyuridine (BrdU) and expression of the mature neuronal marker Neuronal Nuclei (NeuN). However, this study did not provide any indication as to the exact phenotype of these neurons and whether they could be of any relevance to treating Huntington's disease.
FGF2 also plays a prime role in the regulation of SVZ neurogenesis in vivo. Intracerebral injection of FGF2-neutralizing antibodies led to a decrease in neurogenesis, whereas subcutaneous injection of FGF2, which was reported to cross the blood brain barrier, stimulated neurogenesis in vivo [94, 95] . In a recent report, Jin et al. [96] investigated whether systemic injection of FGF2 could treat HD either by its neuroprotective mechanisms or by regenerating medium spiny neurons. In this study, the authors reported that R6/2 mice, a widely used mouse model of HD, treated with FGF2 showed enhanced neurogenesis and an improvement in the disease condition of the mice. The FGF2 treatment resulted in a roughly 150% increase in the BrdU index in the SVZ of R6/2 mice, almost fivefold greater than the FGF2-stimulated increase in SVZ cell proliferation noted in wild-type animals. This result is in accord with a previous report that indicated neurogenesis in the SVZ is enhanced in R6/2 mice [97, 98] . FGF2 treatment also resulted in the recruitment of new medium spiny neurons (as defined by their expression of DARPP-32) to the neostriata of the treated animals. Importantly, retrograde tracing experiments confirmed that these new neurons developed striatopallidal projections, which were accompanied by improved motor coordination, and an increased lifespan of roughly 20% in the treated R6/2 mice. In addition, the striatal neurons of treated mice had reduced intranuclear inclusions and restored expression of cannabinoid 1 receptor, which was lost in HD mice [99] . It is noteworthy that other previous studies have shown that conditional HD mice with prominent neurological dysfunction can recover normal motor function and aggregate clearance with the down-regulation of mutant Huntingtin expression [100] . Thus, it is not clear whether the fibroblast growth factor-associated improvement in neurological phenotype can be solely attributed to neurogenesis.
BDNF Induces a Neuronal Addition to the Adult Striatum
BDNF is a neurotrophin broadly expressed in the brain, wherein it supports a plethora of functions, including neuronal differentiation, maintenance, and survival. [101] [102] [103] [104] [105] [106] [107] . BDNF exerts its function by binding its high affinity TrkB receptor, either together with or apart from its low affinity p75 receptor. TrkB receptors exist in 3 isoforms, including full length and 2 truncated variants, which are missing the intracellular domains TKT1 and TKT2 [108, 109] . Several studies have linked BDNF to the etiology of HD, which is characterized by impaired BDNF expression and axonal transports. Notably, BDNF expression can be regulated by wild-type huntingtin at both transcriptional and post-transcriptional levels, suggesting that its production and availability might be limited in the HD brain [110, 111] . BDNF is normally present at high levels in the caudate and putamen, in which it is released from corticostriatal afferents [112] . This transport was investigated in HD and it has been shown that huntingtin controls the axonal transport of cortical BDNF to striatal targets, and such transport is also impaired in HD [3, 113] . Thus, BDNF impairment appears to be a key factor in the pathology of the HD. Indeed, comparative analysis of gene expression profiles of striatal tissues from BDNF knockout mice with those from a postmortem HD patient, and those from HD rodent models including 3-nitropropionic acid-lesioned or transgenic models showed that the BDNF knockout model profile is more comparable to human HD than the other murine HD profiles [114] .
A number of studies have demonstrated that BDNF is a potent neuroprotective agent in excitotoxic quinolinic acidlesioned or 3-nitropropionic acid-lesioned models of HD [115] [116] [117] [118] . On that basis, the restoration of BDNF levels was actively targeted as a potential treatment for HD. In fact, a number of drugs proposed for HD treatment stimulate BDNF expression (e.g., riluzole [126] , cystamine [120] , memantine [121] , ampakine [122] , and CEP-1347 [123, 124] ).
Besides its supportive and neuroprotective functions, BDNF strongly potentiates the neuronal differentiation and maturation of neuroblasts derived from the adult SVZ [125] . BDNF protein infused into the lateral ventricle of adult rat brains was the first noted to increase the number of newly generated neurons in the olfactory bulb [126] , an observation that we confirmed using an adenoviral vector expressing BDNF [127] , the intraventricular administration of which yielded an increase in the number of newly recruited olfactory bulb neurons. A similar observation was also noted 3 weeks post-treatment using a lentiviral vector expressing BDNF, in which olfactory neuronal addition was noted in response to BDNF over-expression [128] . Most interestingly, the striata of these animals exhibited substantial heterotopic neurogenesis following intraventricular adenoviral delivery of BDNF. New striatal neurons expressed markers of mature medium spiny neurons, including NeuN and DARPP-32 [127] .
Interestingly, when high-dose infusions of BDNF were delivered to adult rats, heterotopic neuronal addition was noted to a variety of sites, which included the striatum and septum, as well as the thalamus and hypothalamus; each showed evidence of neuronal addition, as demonstrated by co-immunolabeling of BrdU and neuronal markers, such as microtubuleassociated protein-2 and ß-III-tubulin [129] . This provocative observation remains largely unexplored.
Suppression of Bone Morphogenetic Proteins (BMPs) Can Be Used to Induce Striatal Neuronal Replacement
Previous studies have reported that neural progenitor cells of the adult SVZ can be driven to astrocytic phenotype by bone morphogenetic proteins (BMPs), in particular BMP-2 and BMP-4 [130] [131] [132] . High concentrations of these BMPs and their receptors have been identified in the SVZ of the adult rat brain [130, 132] and may dictate the glial bias of newly generated cells in the adult subependyma. Yet at the same time, ventricular ependymal cells can express Noggin, an endogenous antagonist of the BMP family, thereby defining local niches that may remain permissive for neuronal cell fate [133] [134] [135] [136] . On the basis of these observations, we hypothesized that the induced overexpression of Noggin in the adult ventricular wall might inhibit glial differentiation, making more SVZ daughter cells available to respond to BDNF, and thereby potentiating BDNF-induced neuronal differentiation and striatal recruitment. Therefore, we delivered intraventricular injections of adenoviral brain-derived neurotrophic factor (AdBDNF) and adenoviral Noggin (AdNoggin) to adult rats, injected them for 3 weeks with the mitotic tracer BrdU, and analyzed their neostriata stereologically 3 and 8 weeks later. We found that rats treated with AdNoggin together with AdBDNF showed a significant increase in striatal neuronal addition, relative to those given AdBDNF alone [134] . At the same time, these animals generated significantly fewer subependymal astrocytes. Yet no significant increase in new neurons was found between AdNoggin and AdEGFP (null control adenovirus expressing Enhanced Green Fluorescent Protein) treated groups, suggesting that noggin alone exercised no effect on neuronal addition; its actions appeared limited to the suppression of gliogenesis and concurrent potentiation of progenitor responsiveness to BDNF [137, 138] .
Importantly, a combination of BrdU tagging, retrograde backfills, and immunolabeling confirmed that these new striatal neurons matured as DARPP32 + GABAergic medium spiny neurons, which efficiently extended fibers to their normal developmental target, the globus pallidus (Fig. 2a) . The latter point was demonstrated using intraventricular injection of AdBDNF/AdNoggin or infusion of BDNF/ Noggin proteins, followed by a retrograde tracer injection into the globus pallidus 1 week before the animals were killed. In these animals, a majority of newly generated striatal neurons co-expressed BrdU and either neuronal NeuN or DARPP32, together with the retrograde tracer, indicating their maturation as striatopallidal projection neurons (Figs. 2d and 3b) . Importantly, the newly generated neurons included roughly equal proportions of both enkephalinergic and Substance P-expressing cells, which respectively define the major indirect and direct pathway outputs of the neostriatum (Fig. 2b, c) . Together, these data indicated that the coadministration of BDNF and Noggin induced the significant addition of new medium spiny neurons to the striata of wild-type rats, and their anatomic integration with existing striatopallidal outputs. Thus, these findings suggested the feasibility of induced neuronal addition as a treatment strategy in HD [137, 139] .
Induced Neuronal Addition as a Treatment for Huntington's Disease
To assess the therapeutic value of induced striatal neurogenesis as a potential treatment for HD, Cho et al. [98] evaluated the effects of AdBDNF/Noggin on disease phenotype and progression in R6/2 HD mice. R6/2 mice express a 144 CAG repeat expansion within the first exon of the huntingtin gene, which yields a relatively severe disease phenotype. Untreated R6/2 mice develop rapidly progressive neurological impairment, and typically die between 13 and 15 weeks of age [140, 141] . As in the rat, AdBDNF and AdNoggin treatment induced significant neuronal recruitment in both R6/2 mice and their wild-type controls [98] . Similarly, the newly generated neurons expressed markers of medium spiny neurons, including DARPP-32 and GAD-67, extending fibers to the globus pallidus, and were either enkephalin + or Substance P + , suggesting their contributions to both the indirect and direct motor outputs of the basal ganglia. Thus, newly-recruited neurons in the HD brain developed into mature MSNs, and correctly projected to their pallidal targets [98] .
Importantly, the BDNF and Noggin-induced anatomic reconstitution of the striatopallidal projection was associated with a diminished rate of motor deterioration, as assessed by Rota-Rod and open field activity, as well as with an increased Fig. 2 Newly generated medium spiny neurons integrate into the 2 major output pathways of the basal ganglia. (A) Schematic representation of the different neural pathways of the basal ganglia and related structures. The red arrow indicates Substance P-expressing medium spiny neurons of the direct pathway. The green arrow indicates Enkephalinergic medium spiny neurons of the indirect pathway. Following intraventricular injection of adeno-associated virus serotype 4 (AAV-4)-brain-derived neurotrophic factor/Noggin, the newly generated medium spiny neurons in the rat striatum expressed either Substance P (B) or Enkephalin (Enk.) (C) neurotransmitters. Thus, these neurons integrate as part of the direct or indirect pathway as shown in the schematic. (D) Intrapallidal injection of fluorescent microspheres (FMS), a retrograde tracer, allowed identification of newly generated neurons that successfully extended axonal fibers to the globus pallidus, the natural target of medium spiny neurons. BrdU=5-bromo-2'-deoxyuridine; Enk=enkephalin; GPe=globus pallidus externalis; GPi=globus pallidus internalis; SNpc=substantia nigra pars compacta; SNpr=substantia nigra pars reticulata; S-P=substance P; StN=subthalamic nucleus; Th=Thalamus. Scale bar=10 μm lifespan (Fig. 3a) . Treatment with AdBDNF/AdNoggin, therefore, induced medium spiny neuronal addition in HD mice, which was associated with delayed motor deterioration and prolonged survival. Importantly, this result was the specific product of neuronal addition rather than BDNFassociated neuroprotection. Treatment with mitotic inhibitor cytosine-β-D-arabinofuranoside abolished AdBDNF/Nogginassociated improvement of both motor and lifespan, suggesting that induced neurogenesis was solely responsible for the beneficial effects of BDNF and Noggin delivery [98] .
Of note, adenoviral-delivered BDNF has also proven sufficient to induce the addition of GAD67 + /DARPP32 + medium spiny neurons to the striata of nonhuman primates [142] , although further work needs to be done to establish whether Noggin can potentiate this effect, and how quantitatively robust this process may be as a function of BDNF dose. Despite the potential of BDNF and noggin administration to regenerate new medium spiny neurons in the diseased R6/2 neostriatum, any such replacement strategy will require the tonic production of new neurons during extended periods of time to compensate for the chronic disease-related loss of functional neurons, whether in a mouse model or an HD patient. Yet, despite their value in providing a needed proof-of-principle, the effects of [149] ) received intraventricular infusion of brain-derived neurotrophic factor (BDNF) and Noggin proteins followed by a resting period of 2 weeks to allow for differentiation and maturation. The mice also received intrapallidal injection of the retrograde tracer Alexa Fluor 555-conjugated Cholera Toxin subunit B (CT-B). Newly-generated neurons expressing the enhanced yellow fluorescent protein also expressed the mature neuronal marker, Neuronal Nuclei (NeuN), and integrated into the striato-pallidal circuitry as revealed by their incorporation of the fluorescent CT-B retrograde tracer. AdB/N= AdBDNF/AdNoggin. Scale bar=10 μm adenoviral-delivered BDNF and Noggin were limited by the use of adenovirus as a viral vector. Adenovirus expresses transiently and drives significant transgene expression for only a few weeks [143, 144] . The vector is also immunogenic, which effectively limits its use to a single injection [145] . To address these limitations, we have recently assessed the usefulness of adeno-associated virus serotype 4 (AAV-4), an ependymotrophic vector that expresses in a sustained fashion, and is relatively nonimmunogenic. Indeed, AAV has been shown to support expression for as much as 15 months in the mouse brain [146] , 19 months in the rat brain [147] , and for more than 6 years in the primate brain [148] . On that basis, we used intraventricular injections of AAV-4, which selectively transduce the ependymal cells of the ventricular wall to deliver BDNF and Noggin to the ependymal layer, which lies in close proximity to the adjacent subependymal cell population. We found that AAV-4-driven BDNF and Noggin delivered into the lateral ventricle of wild-type rats yielded high-level expression of both BDNF and Noggin proteins in the ventricular cerebrospinal fluid, and that this was associated with a sustained and quantitatively robust neuronal addition to the neostriatum. This effect was tonic, yielding high-level protein expression for least 4 months after viral delivery. Most importantly, the sustained expression of BDNF and Noggin supported ongoing neuronal addition to the neostriatum with no evident exhaustion, suggesting that an AAV-4-based strategy of sustained BDNF and Noggin delivery might be an effective means of eliciting neuronal replacement in disorders of striatal degeneration, including not only Huntington's disease, but conceivably other conditions of striatal neuronal loss as well [139] and (unpublished data).
Future Direction and Potential Limitations
Despite almost 2 decades of assessment of fetal tissue transplants in Huntington's disease, the usefulness of intrastriatal grafts of human striatal cellsremains uncertain, whether of tissue, ESC, or iPS cell derivation. Indeed, in light of the contribution of corticostriatal afferents toward maintaining the viability of medium spiny neurons, it remains unclear just how much therapeutic benefit may be achieved by a simple 1-time addition of new neurons to the diseased striatal neuronal pool. Nonetheless, hope persists that avenues toward more sustained medium spiny neuronal replacement may prove of benefit to HD patients. In that regard, besides transplant-based strategies, we may now consider the potential of gene therapeutic strategies for eliciting medium spiny neuronal addition from resident neural stem and progenitor cells. Although the effectiveness of this strategy has been demonstrated in rodent models of HD, analogous studies in nonhuman primates are now required to assess the adult primate's capacity for such sustained subependymal neuronal production and striatal recruitment. Nonetheless, should such studies prove successful, then this strategy of induced mobilization and phenotypically restricted neuronal differentiation from resident neural stem and progenitor cells may prove a viable and effective therapeutic option in clinical HD. More broadly, these studies promise to define the usefulness of endogenous neural stem cells as vehicles for both neuronal replacement and circuit reconstruction in an adult neurodegenerative disorder.
